Redox-active polyimide-polyether multi-block copolymers were synthesized by polycondensation reaction of aromatic dianhydrides with a-u-diamino poly(ethylene oxide). Polyimide-b-polyether block copolymers showed microphase separation between a hard-polyimide domain and a soft-polyether domain as observed by Atomic Force Microscopy. The block copolymers were investigated as cathodes for polymer/lithium metal batteries. Polymer cathodes were formulated where the block copolymer had a dual role as active material and binder, with a small amount of carbon black (15 wt%). Naphthalene polyimides showed higher discharge voltages, higher specific capacities as well as better cycling performance, compared to pyromellitic polyimides. The longest PEO blocks resulted in a better performance as electrodes. The best performing naphthalene polyimide-b-PEO2000 presented an excellent value of discharge capacity of 170 mA h g À1 , stable after 100 cycles at a current density of 1Li + /5 h and considering the polyimide as the active material. The average discharge plateaus were 2.51 V and 2.37 V vs. Li + /Li.
Introduction
Electrochemical energy storage is still gaining interest due to the increasing demand for energy management in our daily life.
1 Nowadays, research is focusing on green, sustainable and safe battery systems, taking into account life cycle, abundance of raw materials and electrode recycling.
2 Among several types of batteries, lithium batteries have become powerful because of their high energy density, long cycle life and high efficiency.
3,4
Currently, lithium-ion batteries are based on inorganic oxides as cathodes. Although lithium cobalt oxide (LiCoO 2 ) is known to fail in terms of safety and sustainability, 5, 6 lithium iron phosphate (LiFePO 4 ) is safer and environmentally benign. As an alternative to inorganic oxides, organic molecules are being investigated as potential candidates for lithium batteries. Some of their advantages are the abundant resources as well as the feasibility of incorporation functional groups leading to tunable redox properties. 5, 6, 8, 9 However, drawbacks of using organic compounds are the electrode dissolution, low thermal and mechanical stability and poor conductivity. 5, 6 Here, organic redox polymers are known to reduce these problems due to their lower solubility in common organic solvents used as electrolytes, lower self-discharge rate, high mechanical strength, ex-ibility, excellent thermal stability and broader functionalities. [10] [11] [12] In recent years, redox-active polymers have been studied as active materials of electrodes. Some examples are conducting polymers, such as polypyrrole 13 or poly(3,4-ethylenedioxythiophene) (PEDOT);
14 radical polymers; 13 organosulphur derivatives 15, 16 and polymers with carbonyl groups.
10,17
Polyimides were chosen in this work due to their ability to undergo reversible electrochemical reduction and oxidation. Reversible redox properties of polyimides was reported in the early 90's by Viehbeck et al. 18 for different aromatic structures. A bit later, the electrochemical and optical properties of polyimide-polyether copolymers were studied by Michot and coworkers. 19 Those materials presented an intense colour change in the reduced state. In 2010, several groups started to look again to polyimides because of its excellent performance as active materials for rechargeable lithium batteries due to their outstanding thermal stability and mechanical strength. 10, [18] [19] [20] Thus, polyimides derived from 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA) exhibited a discharge voltage of 2.35 V vs. Li + /Li and a discharge capacity of 110 mA h g À1 cycled at 50 mA g À1 current density. 5 Due to their low solubility and electrical conductivity, different conductive additives have been used with a POLYMAT, University of the Basque Country UPV/EHU, Joxe Mari Korta Centre, Avda. Tolosa 72, 20018, Donostia-San Sebastián, Spain. E-mail: david.mecerreyes@ehu.es polyimides derived from pyromellitic dianhydride as active material. Some examples are single-wall carbon nanotube (SWNT) lm used as current collector 21 and 3D graphene as the conductive network.
4
In this work, block copolymers made from imide redoxactive groups in combination with oligoether blocks were investigated as electrodes for lithium batteries. It is well known the microphase separation properties of block copolymers which allow to closely combine the properties of the different polymer blocks. This strategy was originally used for the development of thermoplastic elastomers. Nowadays it is being investigated for the development of advanced materials for nanolithography, 22 polymer electrolytes 23 and solar cells. 24 The goal of our work is to explore the possibility of engineering polymer battery electrodes using the block copolymer strategy. This may allow combining closely the polymer responsible for the redox active electrode and the properties of the polymer ionconducting electrolyte. For the later, oligomeric block containing ethylene oxide groups is the ideal choice due to its ability to act as solvating agent for Li + and providing mobility. 25, 26 In this article, we investigated the effect of the chemical nature of the imide and the length of the oligoether segment, the morphology of the block copolymers and its performance as cathode in polymer/lithium batteries.
Experimental

Materials
Pyromellitic dianhydride (PMDA) (97%) and 1,4,5,8-naphthalenetetracarboxylic dianhydride (NTDA) ($95%) were obtained from commercial sources (Sigma-Aldrich) and used as received. O,O 0 -Bis(2-aminopropyl)polyethylene glycol, with central PEO sequences of 500, 800 and 1900 molecular weights (Jeffamines® ED-600, ED-900 and ED-2003, respectively) were purchased also from Sigma-Aldrich and used as received. Anhydrous N,N-dimethylacetamide (DMAc), anhydrous toluene, diethyl ether, dichloromethane, N,N-dimethylformamide (DMF), anhydrous acetonitrile and anhydrous 2-methyltetrahydrofuran (MeTHF) were purchased from Sigma-Aldrich and used as received.
Polymer synthesis
Polyimides were synthesized by simple polycondensation reaction from dianhydrides and diamines.
19,27 PEO based diamines (5 mmol) were dissolved in anhydrous N,N-dimethylacetamide in a 100 mL three-necked ask blanketed with nitrogen. Aer-wards, stoichiometric amount of dianhydride (5 mmol) was added and stirred overnight at room temperature. Azeotropic imidization was carried out at 120 C using toluene as an azeotrope (Dean Stark) to remove water from the polycondensation reaction. Polymers were obtained by precipitation of the reaction mixture into diethyl ether. Scheme of the polycondensation reaction and the chemical structures of polyimides are shown in Fig. 1 .
Polymer characterization
1 H and 13 C NMR measurements were carried out using deuterated chloroform (CDCl 3 ) on a Bruker Avance 500 (500 MHz) spectrometer. Attenuated Total Reectance Fourier Transform Infrared Spectroscopy measurements (ATR-FTIR) were conducted on a Bruker ALPHA Spectrometer. Gel Permeation Chromatography (GPC) analysis was performed on a Shimadzu LC-20AD pump with an UV-visible detector (Waters 2487 dual k absorbance detector) and IR detector (Waters 2410 differential refractometer), with Styragel HR series of columns (HR6-HR4-HR2). Tetrahydrofuran (THF) was used as eluent with a ow rate of 1 mL min À1 at 35 C. Calibration relative to polystyrene standards was used to calculate molecular weights and polydispersity. Differential scanning calorimetry (DSC) measurements were carried out on a DSC Q2000 from TA Instruments in order to determine glass transition temperatures, T g , and melting temperatures, T m . Samples were heated to 150 C, then quenched to À80 C and heated again to 150 C, at a heating rate of 10 C min À1 . Thermal stability of the samples was investigated with a thermo-gravimetric analysis (TGA) performed on a TGA Q500 from TA Instruments. Measurements were carried out by heating the sample at 10 C min À1 under nitrogen atmosphere from room temperature to 800 C. Morphology of the samples was studied with two Atomic Force Microscopes. The rst one is a Bruker Multimode IV atomic force microscope (AFM) used in tapping mode. The cantilevers used were standard TESP from Bruker probe with a nominal resonance frequency of 320 kHz and a nominal spring constant of 42 N m À1 . The second AFM used in this study is a
Bruker Multimode VIII AFM used in PeakForce mode at 2 kHz. The cantilevers mounted were SCANASYST with a nominal spring constant of 0.4 N m À1 provided by Bruker probe. Since no cantilever calibration was initially performed, the z-scales on the elastic modulus and adhesion images are purely qualitative (displayed in arbitrary units or in V).
Electrochemical characterization
Cathodes were prepared by mixing PI-PEO copolymers (85 wt%) and Ketjen Black (KB) (15 wt%) (Ketjenblack® EC-600JD, AzkoNobel) in acetonitrile. The obtained slurry was cast on aluminium foils using the doctor blade technique. Fig. 5 depicts the preparation of the lm electrode. Electrodes were dried under vacuum at 100 C overnight for amorphous polymers and at room temperature for semi-crystalline polymers. The electrode lms were punched into discs with a 12 mm diameter and a material loading of ca. 5 mg.
Morphology and conductivity of electrodes were studied with the Bruker Multimode VIII AFM under the PeakForce TUNA mode, at 2 kHz. This mode allows mapping of mechanical and conductivity properties of the samples at the nanometre length scale. The SCM-PIT conductive cantilevers, with a nominal spring constant ranging from 1 to 5 N m À1 , provided by Bruker probe were mounted. The peak current signal was measured in pA with DC sample bias of 1 V. Coin cells (CR2032) were assembled in an argon-lled glove box. The cathode was separated from the lithium anode (Rockwood lithium) by a glass bre (Glass ber GFD/55, Whatman) imbibed with a 1 M lithium bistriuoromethanesulfonimide (LiTFSI, Solvionic) solution in MeTHF. This electrolyte mixture exhibited the best performance among others due to the partial solubility of the copolymers in common organic solvents.
Cyclic voltammetry (CV) measurements were performed using a VMP3 (Biologic®) electrochemical workstation. Scan rates of 1 mV s À1 were used between 1 V and 3.3 V against Li + /Li.
Cells were cycled between 1 V and 3 V in galvanostatic mode using a MACCOR® battery tester at current rates of one Li + ion/ monomeric unit in 5 and 10 h. In both cases the counter electrode was lithium.
Results and discussion
Synthesis and characterization
Polyimide-polyether block copolymers were investigated before as electrochromic devices 19 and gas separation membranes.
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Using a similar synthetic pathway, polyimides-polyether multiblock copolymers were synthesized by a polycondensation reaction of stoichiometric quantities of diamine (PEO600, PEO900, PEO2000) and dianhydride (pyromellitic-PMDA and naphthalene-NTDA) in two steps via an intermediate polyamic acid. Mechanism of polycondensation reaction and the chemical structures of the block copolymers are shown in Fig. 1 . Appearance and consistence of the nal polymers depend upon the PEO length, from waxy semi-crystalline for polyimide-b-PEO2000 block copolymers, to amorphous and transparent for polyimide-b-PEO600 and polyimide-b-PEO900. Similarly, the colour of the samples is given by the imide segment, light yellow for pyromellitic and dark brown for naphthalene polyimides. Structure characterization was carried out using 1 H NMR, 13 C NMR and IR spectroscopy. 1 H NMR spectra showed the characteristic peaks of PEO blocks at 0.9 ppm (protons from the corresponding CH 3 ) and 3.6 ppm (from the CH 2 ) which integrate 40H, 63H and 153H for PEO600, 900 and 2000, respectively. The corresponding aromatic protons from the imide moieties appeared at 8.2 ppm (2H) for PMDA polymers and 8.7 ppm (4H) for NTDA polymers. The most signicant peak for carbon NMR is the imide carbonyl with a 166 ppm shi for pyromellitic and 163 ppm for NTDA polymers. Besides NMR, imidization was also indicated by ATR-FTIR (Fig. 2) , showing similar values to the ones reported in the literature. Table 1 . The DSC traces indicated that polymers having PEO blocks of 600 g mol À1 and 900 g mol À1 were amorphous polymers exhibiting well-dened glass transition temperatures. However, when the multi-block copolymers had a PEO block of 2000 g mol À1 a semi-crystalline polymer was obtained. Differential Scanning Calorimetry (DSC) curves for the three naphthalene polyimide-b-PEO copolymers having different length are shown in Fig. 3 (experimental data for all the samples is summarized in Table 1 ). Despite the fact that all polymers presented a T g below 0 C, an increase in the aromaticity of the imide moiety led to a higher T g of the polymer (À34 C for pyromellitic polyimide-b-PEO600 and À26 C for naphthalene polyimide-b-PEO600), whereas an increase in the number of PEO units showed a decrease in the T g (À43 C for naphthalene polyimide-PEO900), making the overall chain more rigid.
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Semi-crystalline structure of samples pyromellitic polyimide-b-PEO2000 and naphthalene polyimide-b-PEO2000 can be explained due to the ability of long PEO segments to crystallize. Degradation temperature was determined by thermogravimetric analysis (TGA) and values for the different polymers are shown in Table 1 . There was no signicant weight loss up to 300 C, temperature at which decomposition of aliphatic polyether segments takes place. Polyimide-polyether multi-block copolymers are composed of rigid segments from aromatic groups alternating with exible oligoether blocks. This composition should in principle lead to microphase separation in our copolymers. Fig. 4 shows the AFM images of naphthalene polyimide-b-PEO600 block copolymer. Weight composition of the copolymer was 32 wt% in hard polyimide block and 68 wt% so PEO block. Films were solventcasted on glass squares from an acetonitrile solution of the polymer. The lms were dried under vacuum at 100 C overnight. As observed in the AFM image, a weak segregation is noticeable from the height and elastic modulus (log scale)
images collected in the PeakForce mode (Fig. 4) . More speci-cally, on the mechanical modulus image, the clear domains correspond to aromatic parts (higher modulus), whereas darker domains are rich in aliphatic polyether segments (lower modulus). Unfortunately, characterization by AFM of polyimide-polyether samples with PEO2000 blocks was not possible due to their semi-crystalline morphology. Altogether, the multiblock copolymers showed microphase separation typical of block copolymers. The nanodomains showed a non-regular structure formed by two co-continuous phases. This morphology is in principle ideal for electrochemical properties since it clearly increases the contact surface area between our redox active block and ion conducting blocks.
Electrochemical characterization
Polyimide-polyether block polymers are soluble in common organic solvents in comparison with aromatic polyimides which solubility is limited. 29 This solubility brings two important benets when the battery electrodes were prepared. Firstly, the addition of a binder is not needed to the electrode formulation which increases the composition of redox active material of the electrode. Secondly, the electrodes can be prepared by a simple solution method. Thus, our electrode was prepared by solubilising polyimides in acetonitrile and, aerwards, just conducting Ketjen black (KB) carbon was added. Composition of the slurry was 85 wt% of polyimide, acting as active material and binder, with 15 wt% of KB. The mixture was casted on aluminium foil. The overall process is depicted in Fig. 5 .
The PeakForce TUNA mode of the AFM has been used to investigate the morphology of our electrodes. This mode Table 1 Characteristics of the polyimide-b-poly(ethylene oxide) multi-block copolymers provides additional information about the conductivity of the samples as well as the elastic modulus and adhesion at the nanometre length scale. This technique was used to characterise sample naphthalene polyimide-b-PEO600 electrode loaded with 15 wt% of carbon black. Fig. 6 shows the topography, elastic modulus (log scale), adhesion and peak current images. The electrode does not show an obvious phase segregation between the copolymer blocks, but presents an aggregate-like morphology with small particles (few tens nm) surrounding bigger particles (few hundreds nm). The correlation between the elastic modulus and the peak current images tends to demonstrate that the small particles correspond to the carbon black. Indeed, there is a strong spatial correlation between higher modulus and electron conducting area; e.g. domains pointed by the red and green arrows. In addition, the analysis (bearing analysis) on the peak current image indicates a conducting area of about 10%, which is in reasonable agreements with the amount of carbon black loaded in the composite. However, carbon black is not very well distributed along the sample as it can be seen on the peak current image (Fig. 6d) . Redox reaction mechanism of imides can be described as an enolization process of the carbonyl group, facilitated by a conjugated structure able to disperse charge by delocalization. 30 As shown in Fig. 7a , reduction of imide groups is related to association of lithium ions with oxygen whereas dissociation occurs during oxidation. 10, 18 Ideally, each formula unit could be able to transfer four electrons, however, it is only possible by applying a deep discharge voltage to below 1.3 V, which could lead to structural damage. 31 As it can be seen in Fig. 7a , reduction and oxidation of polyimides involve two electrons in the potential range of 1.3 V to 3 V vs. Li + /Li. Consequently, the specic theoretical capacity for pyromellitic polyimide is 250 mA h g À1 and 200 mA h g À1 for the naphthalene polyimide, considering the imide as the active material.
10,31
The rst reduction step forms a radical-anion, followed by a second reduction step to generate a dianion species. Dianionic state of pyromellitic groups involves trans carbonyls due to the largest anionic charge separation. However, reduction of cis carbonyls occurs in naphthalene derivatives not to lose the aromaticity on both rings. 18 It has also been demonstrated that a positive shi in the reduction potential is achieved by increasing the ring size of the imide.
3,19
It has been reported that voltages of polyimides are more associated with the active group, which is the dianhydride component, rather than with the diamine.
10,32 The same behaviour was observed for these PI-PEO block copolymers. Cyclic voltammograms of samples pyromellitic polyimide-b-PEO600 and naphthalene polyimide-b-PEO2000 are shown in Fig. 7b . Oxidation and reduction processes, for both polyimides, consist of two contiguous steps of one electron each. The rst one could be associated with the formation of the radical-anion This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
followed by the generation of the dianion, 10,18 as shown in Fig. 7a . Polyimides derived from PMDA presented two wellresolved redox peaks at 1.8 V and 2.2 V for reduction and 2.2 V and 2.7 V for oxidation. However, naphthalene polyimides tend to merge into a broader two-electron peak.
19 Reduction potentials for naphthalene polyimide-b-PEO2000 were 2.1 V and 2.3 V, whereas oxidations peaks were 2.8 V and 2.9 V.
Further comparison between samples based on different dianhydrides, pyromellitic polyimide-b-PEO600 and naphthalene polyimide-b-PEO600, was carried out by galvanostatic charge-discharge. Cycling performances of both samples are presented in Fig. 8 . Among different current rates, 1Li + /5 h was chosen due to the higher stability and capacity values for all the samples. For pyromellitic polyimides, the capacity faded rapidly within the rst cycles with a capacity retention of 53% in 20th cycle and 21% aer 100 cycles. However, in the case of naphthalene polyimides, capacity decay was very low aer cycle 10. Capacity in the 100th cycle was 90 mA h g À1 with a capacity retention of 54%. Naphthalene polyimides not only show higher voltage potential, but also provide high capacities and long cycle life. Same trend was reported previously in the literature with polyimide homopolymers.
10,32
A better performance of sample naphthalene polyimide-b-PEO600 led us to study its voltage prole at different cycles (Fig. 9) . Two average discharge plateaus of 2.47 V and 2.30 V vs. Li + /Li were consistent with the CV curve peaks of the naphthalene polyimide. These results conrm that the redox voltage of the polyimides is dependent on the active imide group and not on the PEO segments or their chain length. 10, 32 The initial discharge capacity was 165 mA h g À1 , 81% of the theoretical value considering a two-electron process. Aer 50 cycles the electrode retains a capacity of 105 mA h g À1 with a coulombic efficiency ratio of 96% (Fig. 9) . Effect of the PEO chain length has been studied with the naphthalene polyimide that has shown the best performance. Results can be observed in Fig. 10 for samples naphthalene polyimide-b-PEO600, naphthalene polyimide-b-PEO900 and naphthalene polyimide-b-PEO2000 cycled at a current rate of 1Li + /5 h. Emphasis has to be given to the increasing capacity values with the molecular weight of the PEO. Low capacity fading was observed aer cycle 6, discharge capacities remained constant with increasing cycle number. Discharge capacity of naphthalene polyimide-b-PEO600 in the 6th cycle was 127 mA h g À1 , in the case of naphthalene polyimide-b-PEO900 it was 149 mA h g
À1
, whereas for naphthalene polyimide-b-PEO2000 it was 196 mA h g À1 (97% of the theoretical capacity for a two-electron reaction). Although high coulombic efficiency appeared in sample naphthalene polyimide-b-PEO900 (90%), it was very low for the other two samples naphthalene polyimideb-PEO600 and naphthalene polyimide-b-PEO2000 (higher than 99%). Initial discharge capacities for naphthalene polyimide-b-PEO2000 were higher than the theoretical value calculated considering a two-electron reaction. Initial discharge capacity of 300 mA h g À1 in the rst cycle suggested that three electrons might have been involved in the rst discharge process. This is due to the low cut-off voltage (1 V vs. Li + /Li) used during cycling. 31 Furthermore, the performance of the entire electrode is highly important regarding the practical use. Considering that only 10 wt% of the cathode correspond to the active material, imide groups, the entire PI-PEO/KB electrode showed a discharge capacity of 20 mA h g À1 .
Polyimide-polyether block copolymers showed high cycling stability. Among all of them, naphthalene polyimide with the longest PEO chain, PEO2000, presented the best performance. A discharge capacity of approximately 170 mA h g À1 (84% of the theoretical capacity), based on the mass of the active material, was obtained at a discharge current density of 1Li + /5 h which corresponds to 0.1 C (1 C ¼ 203 mA h g À1 ). On further increasing the C rate to 1Li + /1 h, a discharge capacity of 138 mA h g À1 was delivered, 81% of the one at 1Li + /5 h, showing a good rate performance (Fig. S1 †) . The average discharge plateaus of the electrode were 2.51 V and 2.37 V vs. Li/Li + . The charge and discharge voltage difference for both plateaus was 70 mV.
Conclusions
Polyimide-polyether block copolymers combined the intrinsic properties of both materials, redox activity of imide moieties as well as the ion conductivity of polyether blocks. The copolymers showed a microphase separation morphology as conrmed by AFM images. A bicontinuous morphology composed of rigid aromatic imide groups separated from so polyether segments was observed. Solubility of the polyimide-polyether block copolymers in acetonitrile facilitated the electrode preparation. High capacity values were obtained with 15 wt% of carbon black. No binder was needed due to the ability of PI-PEO copolymers to form lms.
Naphthalene polyimides showed higher discharge voltages, higher specic capacities as well as better cycling performance, compared to pyromellitic polyimides. The longest PEO blocks resulted in a better performance as electrodes. The naphthalene polyimide-b-PEO2000 presented a discharge capacity of 170 mA h g À1 , based on the active mass, stable aer 100 cycles at a current density of 1Li + /5 h.
Altogether the block copolymer strategy offers several advantages to engineer the polyimide electrodes in batteries. Advantages demonstrated in this work are: (1) facile solventbased electrode processing due to the solubility of the block copolymers; (2) high performance electrodes without the use of additional binders and low conductive carbon contents (15 wt%).
